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Abstract: Vitamin D deficiency and obesity are two public health problems extensively exacerbated
over the last years. Among the several mechanisms proposed to account for the complex
interplay between vitamin D and obesity, one that has gained particular attention is related to
the emerging role of obesity-related changes in gut microbiota and gut-derived metabolites, such
as Trimethylamine-N-oxide (TMAO). Vitamin D deficiency and high circulating TMAO levels
are associated with body weight and the severity of non-alcoholic fatty liver disease (NAFLD).
Considering the link of obesity with vitamin D on the one hand and obesity with TMAO on the other
hand, and the central role of the liver in both the vitamin D and TMAO metabolism, the aim of this
cross-sectional observational study was first, to confirm the possible inverse association between
vitamin D and TMAO across different body mass index (BMI) classes and second, to investigate if
this association could be influenced by the presence of NAFLD. One hundred and four adult subjects
(50 males and 54 females; 35.38 ± 7.49 years) were enrolled. The fatty liver index (FLI) was used
as a proxy for the diagnosis of NAFLD. Vitamin D deficiency was found in 65 participants (62.5%),
while 33 subjects (31.7%) had insufficient levels, and the remaining subjects had sufficient levels of
vitamin D. Subjects with both vitamin D deficiency and FLI-NAFLD had the highest TMAO levels
(p < 0.001). By stratifying the sample population according to the BMI classes, vitamin D levels
decreased significantly along with the increase of plasma TMAO concentrations, with the lowest
vitamin D levels and highest TMAO, respectively, in class III obesity. Vitamin D levels showed
significant opposite associations with circulating levels of TMAO (r = −0.588, p < 0.001), but this
association was no longer significant after the adjustment for FLI values. The highest values of TMAO
were significantly associated with the severity of obesity (OR 7.92; p < 0.001), deficiency of vitamin D
(OR 1.62; p < 0.001), and FLI-NAFLD (OR 3.79; p < 0.001). The most sensitive and specific cut-off for
vitamin D to predict the circulating levels of TMAO was ≤19.83 ng/mL (p < 0.001). In conclusion, our
study suggests that high TMAO levels are associated with vitamin D deficiency and NAFLD. Further
studies are required to investigate if there is a causality link or whether all of them are simply the
consequence of obesity.
Keywords: vitamin D; obesity; Trimethylamine N-oxide (TMAO); fatty liver index (FLI)
1. Introduction
Modern and westernised lifestyles, including smoking habits, physical inactivity, and an unhealthy
diet are considered one of the major culprits of the association between low vitamin D status and
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obesity [1]. Low sun exposure due to less outdoor activity and a sedentary lifestyle, vitamin D
sequestration, or volumetric dilution in fat mass are some of the factors playing a major role in the
pathogenesis of the hypovitaminosis D in patients with obesity [2,3]. Among the several mechanisms
proposed to account for the complex interplay between obesity and vitamin D [2,3], one that has gained
particular attention is related to the emerging role of obesity-related changes in gut microbiota and
gut-derived metabolites, such as Trimethylamine-N-oxide (TMAO) [4,5].
TMAO is a gut microbe-generated metabolite developed by a host’s flavin monooxygenase
3 (FMO3) in the liver, with an important role as a predictor of cardiovascular disease risk [6,7].
In particular, TMAO has been shown to exert a pro-atherogenic effect by affecting the metabolism of
cholesterol at different steps [5]. Skin 7-dehydrocholesterol is also a well-known precursor of vitamin
D [5]. A recent study reported a novel link between vitamin D and plasma TMAO concentrations
by showing that vitamin D supplementation at 12 months lowered plasma fasting TMAO levels [8].
Although the composite effect of age, sex, and creatinine was evaluated in this study, the possible
confounding effect of body weight and liver fat content was not considered. Of interest, there is
evidence that TMAO correlated positively with body mass index (BMI) [9], and that its levels increased
along with the classes of BMI [10]. In addition, TMAO has been reported to cause liver inflammation
and damage [11], and an adverse association between the circulating TMAO levels and the presence
and severity of non-alcoholic fatty liver disease (NAFLD) has also been reported [10,12].
Fatty liver index (FLI) is an accurate predictor of NAFLD which incorporates simple anthropometric
measurements; in particular, BMI and waist circumference (WC) and metabolic parameters, including
triglycerides and liver function [13], are considered a screening tool to identify NAFLD in subjects
with insulin resistance and cardio-metabolic risk factors where an ultrasound is unavailable [14,15]
and more recently also in lean-NAFLD subjects [16].
Currently, there are no studies available evidencing whether the adverse association between
vitamin D and TMAO could be differently affected by BMI and NAFLD. Considering the link of
obesity with vitamin D on the one hand and obesity with TMAO on the other hand, and the central
role of the liver in both the vitamin D and TMAO metabolism, the aim of this study was to evaluate
whether BMI and the presence of NAFLD assessed by FLI could influence the adverse link between
vitamin D and TMAO and to determine the cut off value of levels of vitamin D predictive of plasma
TMAO concentrations.
2. Materials and Methods
2.1. Design and Setting
This was a cross-sectional observational study carried out at the Department of Clinical Medicine
and Surgery, Unit of Endocrinology, University Federico II, Naples (Italy), from October 2016 to March
2019. The work was carried out in accordance with the Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans, and it was approved by the Ethical
Committee of the University of Naples “Federico II” Medical School (n. 173/16). The purpose of the
protocol was explained to all the study participants, and written informed consents were obtained.
2.2. Population Study
Recruitment strategies included a sample of 311 adult Caucasians subjects (21–56 years) of
both genders consecutively enrolled among patients of our outpatient clinic, hospital volunteers
and employees and residing in the Naples metropolitan area (latitude 40◦49′ N; elevation 17 m).
The subjects were evaluated from March through June 2018. All female subjects were non-pregnant
and non-lactating. A full medical history, including drug use, was collected.
In order to increase the homogeneity of the subject samples, we included only adults of both
genders with the following criteria of exclusion:
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• Impaired renal function (normal values: Estimated glomerular filtration rate ≥90 mL/min/1.73 m2
calculated by a chronic kidney disease epidemiology collaboration equation; Chronic Kidney
Disease Epidemiology Collaboration (CKD EPI) (9 subjects);
• Chronic liver diseases, viral hepatitis patients, hemochromatosis, hepatic malignancy (13 subjects);
• Presence of type 2 diabetes (T2DM) (defined by the criteria of the American Diabetes Association
as follows: Basal plasma glucose level ≥ 126 mg/dL on two occasions, or glycated haemoglobin
(HbA1c) ≥ 6.5% (≥48 mmoL/moL) on two occasions, or both at the same time. Participants on
antidiabetic medication were considered to have T2DM [17] (21 subjects);
• Uncontrolled thyroid or parathyroid disease (33 subjects);
• Clinical atherosclerosis (coronary artery disease, peripheral vascular disease) (36 subjects);
• Current therapy with calcium, vitamin D supplementation, or osteoporosis therapies,
anti-inflammatory drugs, statin and other hypolipidemic agents (41 subjects);
• User of antibiotics or probiotics within two months of recruitment (15 subjects);
• Specific nutritional regimens, including vegan or vegetarian diets (three subjects);
• Vitamin/mineral or antioxidant supplementation (29 subjects);
• Alcohol abuse according to the Diagnostic and Statistical Manual of Mental Disorders (DSM)-V
diagnostic criteria (7 subjects).
The flow chart of the studied subjects is shown in Figure 1.
Figure 1. The flow chart of the study subjects.
2.3. Anthropometric Measurements and Blood Pressure
Measurements were performed between 8 and 12 AM, after an overnight fast. The measurements
were made in a standard way by the same operator (a nutritionist experienced in providing nutritional
assessment and body composition). At the beginning of the study, all anthropometric measurements
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were taken with subjects wearing only light clothes and without shoes. For each subject, weight and
height were measured to calculate the BMI (weight (kg) divided by height squared (m2), kg/m2). Height
was measured to the nearest 0.5 cm using a wall-mounted stadiometer (Seca 711; Seca, Hamburg,
Germany). Body weight was determined to the nearest 0.1 kg using a calibrated balance beam scale
(Seca 711; Seca, Hamburg, Germany). BMI was classified according to (World Health Organization)
WHO’s criteria with a normal weight being 18.5–24.9 kg/m2; overweight, 25.0–29.9 kg/m2; grade I
obesity, 30.0–34.9 kg/m2; grade II obesity, 35.0–39.9 kg/m2; and grade III obesity ≥ 40.0 kg/m2 [18].
In accordance with the National Center for Health Statistics [19], WC was measured to the closest
0.1 cm using a non-stretchable measuring tape at the natural indentation or at a midway level between
the lower edge of the rib cage and iliac crest if no natural indentation was visible, as previously
reported [20–23].
2.4. Assay Methods
Samples were collected in the morning between 8 and 10 a.m., after an overnight fast of at least 8 h,
and stored at −80 ◦C until processed. All biochemical analyses including fasting plasma glucose, total
cholesterol, fasting plasma triglycerides, Alanine Transaminase (ALT), Aspartate Aminotransferase
(AST), and γ-Glutamyltransferase (γGT) were performed with a Roche Modular Analytics System in
the Central Biochemistry Laboratory of Federico II University Hospital (Naples, Italy). Low-density
lipoprotein (LDL) cholesterol and high-density lipoprotein HDL cholesterol were determined by a
direct method (homogeneous enzymatic assay for the direct quantitative determination of LDL and
HDL cholesterol). Fasting insulin levels were measured by a solid-phase chemiluminescent enzyme
immunoassay using commercially available kits (Immunolite Diagnostic Products Co, Los Angeles, CA,
USA), as previously reported in several studies [24–27]. Serum levels of vitamin D (25-OH vitamin D)
were measured with chemiluminescence (Liaison, DiaSorin, Saluggia, Italy). Vitamin D deficiency was
defined as a serum concentration of vitamin D < 20 ng/mL (50 nmoL/L), with insufficiency found in
levels between 21 and 29 ng/mL (from 52.5 to 72.5 nmoL/L), and normal levels being defined as values
of vitamin D ≥ 30 ng/mL (75 nmoL/L) [28]. TMAO serum levels were measured in samples stored at
−80 ◦C. A previous study indicated that, under these conditions, TMAO is stable for several years [29].
The quantification of plasma TMAO concentrations was performed using the method described by
Beale and Airs [30] and reported in our previous study [10,31]. Briefly, serum proteins were precipitated
with methanol (serum:methanol, 1:2, v/v); samples were vortex-mixed for 2 min, centrifuged at 14,000 g
for 10 min (4 ◦C) [32], and supernatants were collected and analyzed by the High Performance Liquid
Chromatography–Mass Spectrometry (HPLC/MS) method. Both HPLC/MS conditions and method
optimization were performed in accordance with Beale and Airs [30]. The HPLC system Jasco Extrema
LC-4000 system (Jasco Inc., Easton, MD, USA) was coupled to a single quadrupole mass spectrometer
(Advion ExpressIonL CMS, Advion Inc., Ithaca, NY, USA) equipped with an Electrospray ionization
(ESI) source, operating in positive ion mode. Chromatographic separation was performed with a
Luna HILIC column (150 × 3 mm, 5 µm particles) in combination with a guard column (HILIC),
both supplied by Phenomenex (Torrance, CA, USA). The intra-assay coefficients of variations (CV)
was <5.5%, as already widely reported in our previous studies [32–36]. FLI was calculated with the
formula: (FLI = eL/(1 + eL) × 100, L = 0.953 × loge triglycerides + 0.139 BMI + 0.718 × logeγGT + 0.053
×WC−15.745). The value of FLI that was considered as the cut-off value on the basis of Bedogni’s
criterion to detect the presence of NAFLD was 30 [13].
2.5. Statistical Analysis
Data distribution was evaluated by a Kolmogorov–Smirnov test and the abnormal data were
normalized by a logarithm. Skewed variables (BMI, TMAO, vitamin D, fasting glucose, insulin,
total cholesterol, HDL cholesterol, LDL cholesterol, triglycerides, ALT, AST, γGT, and FLI) were
back-transformed for presentation in tables and figures. Results are expressed as mean ± standard
deviation (SD). Differences according to the absence/presence of FLI-NAFLD were analyzed by a
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Student’s unpaired t-test. The differences among the vitamin D categories and classes of BMI were
analyzed by ANOVA followed by the Bonferroni post-hoc test. The correlations between study
variables were performed using Pearson r and correlation coefficients were estimated after adjusting for
FLI. Proportional Odds Ratio (OR) models, 95% Interval Confidence (IC), and R2, were performed to
assess the association among classes of BMI, vitamin D categories, and absence/presence of FLI-NAFLD.
Receiver operator characteristic (ROC) curve analysis was performed to determine sensitivity and
specificity, the area under the curve (AUC), and IC, as well as cut-off values of levels of vitamin D in
detecting circulating levels of TMAO. The test AUC for ROC analysis was also performed. To avoid
multicollinearity, variables with a variance inflation factor (VIF) > 10 were excluded. Values ≤0.05%
were considered statistically significant. Data were stored and analyzed using the MedCalc® package
(Version 12.3.0 1993–2012 MedCalc Software bvba—MedCalc Software, Mariakerke, Belgium).
3. Results
The study population consisted of 104 participants, 50 males and 54 females. The anthropometric
characteristics, systolic blood pressure (SBP) and diastolic blood pressure (DBP), plasma TMAO,
vitamin D, and metabolic profile of the study population are reported in Table 1. Most of the
participants had grade III obesity (27.9%) and vitamin D deficiency (62.5%). FLI-NAFLD was present
in more than half of the participants (59.6%).
Table 1. Anthropometric characteristics, blood pressure, plasma Trimethylamine-N-oxide (TMAO),
vitamin D, and metabolic profile of the study population.
Parameters Mean ± SD or Number (%)
Age (years) 35.38 ± 7.49
BMI (kg/m2) 33.52 ± 9.59
Normal weight 25, 24.0%
Overweight 23, 22.1%
Grade I obesity 15, 14.4%
Grade II obesity 12, 11.5%
Grade III obesity 29, 27.9%
WC (cm) 109.14 ± 24.34
SBP (mmHg) 124.27 ± 13.06
SDP (mmHg) 79.86 ± 10.46
Plasma TMAO (µM) 8.33 ± 3.28




Fasting Glucose (mg/dL) 100.56 ± 17.48
Insulin (µU/mL) 13.68 ± 12.57
Total cholesterol (mg/dL) 184.65 ± 40.00
HDL cholesterol (mg/dL) 46.50 ± 12.10
LDL cholesterol (mg/dL) 111.51 ± 42.69
Triglycerides (mg/dL) 139.30 ± 54.74
ALT (U/L) 31.96 ± 15.25
AST (U/L) 32.49 ± 15.61
γGT (U/L) 35.71 ± 20.04
FLI 63.78 ± 33.89
FLI NAFLD (presence) 62, 59.6%
A p value in bold denotes a significant difference (p < 0.05).
Plasma TMAO concentrations across vitamin D categories and according to presence/absence of
FLI-NAFLD are reported in Figures 2 and 3, respectively. The highest plasma TMAO concentrations
were present in the subjects with a vitamin D deficiency and FLI-NAFLD, p < 0.001 (Figures 2 and 3,
respectively).
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Figure 2. The circulating levels of TMAO in the population study across vitamin D categories. A p value
in bold denotes a significant difference (p < 0.05); n = number.
Figure 3. Circulating levels of TMAO in the population study classified according to presence/absence
of FLI-NAFLD. A p value in bold denotes a significant difference (p < 0.05); n = number.
Table 2 shows the anthropometric characteristics and metabolic profile of the population grouped
on the base of BMI categories. As reported in Table 2, no differences were observed in age (p = 0.063),
while compared with normal-weight subjects, subjects who were overweight and those with obesity
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exhibited statistical differences in all study parameters (p < 0.001). Stratifying the sample population
according to the BMI classes, vitamin D decreased significantly along with the increase of circulating
levels of TMAO, with the lowest vitamin D levels and highest TMAO, respectively, in class III obesity.
Table 2. Age, anthropometric measurements, and metabolic profile of participants grouped on the
basis of BMI categories.
Parameters Normal Weightn = 25; 24.0%
Over Weight
n = 23; 22.1%
Grade I Obesity
n = 15; 14.4%
Grade II
Obesity
n = 12; 11.5%
Grade III
Obesity
n = 29; 27.9%
p-Value
Age (years) 32.64 ± 7.55 38.35 ± 7.40 37.60 ± 6.45 35.00 ± 8.68 34.41 ± 6.81 0.063
BMI (kg/m2) 23.11 ± 1.59 27.34 ± 1.24 32.37 ± 1.47 37.58 ± 1.43 46.31 ± 5.31 <0.001
WC (cm) 84.17 ± 10.66 95.60 ± 12.21 109.41 ± 8.08 117.91 ± 14.33 137.64 ± 16.41 <0.001
Plasma TMAO (µM) 3.53 ± 2.49 8.32 ± 0.70 9.17 ± 1.11 9.94 ± 0.90 11.39 ± 1.03 <0.001
Vitamin D (ng/mL) 23.69 ± 6.35 20.29 ± 3.94 17.27 ± 4.52 14.78 ± 2.45 11.89 ± 4.11 <0.001
Fasting Glucose (mg/dL) 85.60 ± 10.57 95.78 ± 13.15 98.33 ± 13.76 97.00 ± 12.28 119.89 ± 11.15 <0.001
Insulin (µU/mL) 2.66 ± 1.15 7.16 ± 5.66 10.64 ± 5.65 14.51 ± 10.77 29.57 ± 9.14 <0.001
Total cholesterol (mg/dL) 151.36 ± 20.99 175.61 ± 27.92 168.67 ± 24.38 211.58 ± 43.25 217.66 ± 35.08 <0.001
HDL cholesterol (mg/dL) 57.32 ± 8.45 51.43 ± 6.74 41.93 ± 13.38 41.67 ± 10.59 37.62 ± 8.98 <0.001
LDL cholesterol (mg/dL) 74.77 ± 23.59 99.33 ± 25.22 99.51 ± 16.81 138.05 ± 46.00 147.67 ± 40.54 <0.001
Triglycerides (mg/dL) 96.36 ± 26.22 124.22 ± 21.03 174.47 ± 64.77 159.33 ± 35.22 161.83 ± 65.63 <0.001
ALT (U/L) 23.84 ± 6.53 25.08 ± 9.96 36.47 ± 11.30 37.58 ± 17.71 39.76 ± 19.22 <0.001
AST (U/L) 21.56 ± 5.95 27.73 ± 6.53 35.70 ± 15.27 39.08 ± 15.44 41.28 ± 19.81 <0.001
γGT (U/L) 25.20 ± 7.51 25.65 ± 10.81 38.13 ± 15.93 40.00 ± 14.70 49.72 ± 27.02 <0.001
FLI 19.83 ± 13.66 45.02 ± 20.58 78.67 ± 11.27 89.88 ± 7.33 98.04 ± 2.55 <0.001
FLI-NAFLD (presence) 0, 0% 7, 30.4% 14, 93.3% 12, 100% 29, 100% <0.001
A p value in bold denotes a significant difference (p < 0.05).
Correlation Analysis
The correlations of vitamin D and TMAO levels with age, anthropometric measurements, and
metabolic profile are summarized in Table 3. Apart from age, vitamin D and circulating levels of
TMAO showed significant opposite associations with all parameters. Figure 4 shows the correlation
between vitamin D levels and plasma TMAO concentrations (r = −0.588, p < 0.001). The association
was no longer evident after adjusting for FLI-NAFLD (r = −0.123, p= 0.215).
Table 3. Correlations of vitamin D levels and plasma TMAO with age, anthropometric measurements,
and metabolic profile.
Parameters Vitamin D (ng/mL) TMAO (µM)
r p-Value r p-Value
Age (years) −0.055 0.580 0.174 0.078
BMI (kg/m2) −0.752 <0.001 0.827 <0.001
WC (cm) −0.631 <0.001 0.741 <0.001
Fasting Glucose (mg/dL) −0.561 <0.001 0.756 <0.001
Insulin (µU/mL) −0.654 <0.001 0.656 <0.001
Total cholesterol (mg/dL) −0.493 <0.001 0.631 <0.001
HDL cholesterol (mg/dL) 0.482 <0.001 −0.676 <0.001
LDL cholesterol (mg/dL) −0.502 <0.001 0.653 <0.001
Triglycerides (mg/dL) −0.491 <0.001 0.495 <0.001
ALT (U/L) −0.351 <0.001 0.417 <0.001
AST (U/L) −0.301 <0.001 0.502 <0.001
γGT (U/L) −0.339 <0.001 0.462 <0.001
FLI −0.647 <0.001 0.826 <0.001
A p value in bold denotes a significant difference (p < 0.05).
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Figure 4. Correlations between plasma vitamin D levels and plasma TMAO concentrations. A p value
in bold denotes a significant difference (p < 0.05).
The results of the bivariate proportional OR model performed to assess the association of TMAO
with quantitative variables are reported in Table 4. The highest values of TMAO were significantly
associated with the severity of obesity (OR 7.92; p < 0.001), deficiency of vitamin D (OR 1.62; p < 0.001),
and FLI-NAFLD (OR 3.79; p < 0.001).
Table 4. Bivariate proportional odds ratio model to assess the association between circulating levels of
TMAO and vitamin D categories and FLI-NAFLD.
Parameters Circulating Levels of TMAO (µM)
OR p-Value 95% IC R2
BMI
Normal weight 0.08 0.004 0.016–0.465 0.588
Overweight 0.99 0.009 0.866–1.150 0.232
Grade I obesity 0.06 0.004 0.915–1.345 0.012
Grade II obesity 0.02 0.002 0.972–1.650 0.038
Grade III obesity 7.92 <0.001 3.174–19.77 0.525
Vitamin D
Deficit 1.62 <0.001 1.32–1.99 0.302
Insufficiency 0.75 <0.001 0.65–0.87 0.161
Sufficiency 0.68 0.004 0.53–0.89 0.094
FLI-NAFLD 3.79 <0.001 2.06–6.89 0.518
A p value in bold denotes a significant difference (p < 0.05).
A ROC analysis was then performed to determine the cut off value of levels of vitamin D predictive
of plasma TMAO concentrations. In particular, levels of vitamin D ≤ 19.83 ng/mL (p < 0.001, AUC 0.846,
standard error 0.037, 95% CI 0.762 to 0.909; Figure 5) could serve as a threshold for significantly
increased plasma TMAO concentrations above the median (8.95 µM).
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Figure 5. The receiver operator characteristic (ROC) for predictive values of levels of vitamin D in
detecting plasma TMAO concentrations. A p value in bold denotes a significant difference (p < 0.05).
4. Discussion
In this cross-sectional, observational study, we reported an inverse association between vitamin
D and plasma TMAO concentrations in a sample of an adult population stratified according to the
categories of BMI and FLI-NAFLD. To the best of our knowledge, this has been the first study to report
a negative association between vitamin D and plasma TMAO concentrations in subjects with obesity.
When considering the entire sample population, higher plasma levels of TMAO were observed
in study participants with a vitamin D deficiency and in those with presence of FLI-NAFLD.
The stratification of the study population according to the BMI classes allowed us to confirm the
negative relationship between vitamin D and plasma TMAO concentrations. However, we extended
the knowledge on the relationship between vitamin D and TMAO as we observed that this negative
association increased along with the BMI; the highest plasma TMAO concentrations were associated
with the lowest levels of vitamin D in study participants with class III BMI. In addition, higher plasma
TMAO concentrations were significantly associated not only with the severity of obesity and vitamin
D deficiency, but also with the presence of FLI-NAFLD. Of interest, the negative association between
vitamin D and TMAO was no longer evident after adjusting for FLI-NAFLD. Finally, using ROC curve
analysis, vitamin D levels ≤ 19.83 ng/mL predicted the highest plasma TMAO concentrations.
The negative association between vitamin D and TMAO was actively linked to obesity and
obesity-related disorders in an opposite way, which suggests that some considerations need to be
taken into account. Epidemiologic studies have reported an association between vitamin D deficiency
with cardiovascular risk factors and adverse cardiovascular outcomes [33]. In a meta-analysis of
prospective cohort studies based on a large sample population [34], adjusted risk of cardiovascular
mortality was 57% higher in the lowest category than in the highest category of vitamin D levels [35].
However, albeit vitamin D has been suggested as a protective cardiovascular disease risk factor [36,37],
the scientific evidence still remains inconclusive [38]. In this complex interplay, it could be hypothesized
that vitamin D deficiency could have a direct role in determining the increased risk of developing
cardiovascular diseases but also that vitamin D deficiency and cardiovascular risk could be both
determined by obesity [39,40]. However, it cannot be overlooked that vitamin D deficiency may
contribute to worsening cardiovascular health in obesity through several direct mechanisms, including
activation of the renin-angiotensin-aldosterone system, which can predispose obese individuals to
hypertension and left ventricular hypertrophy or an increase in the parathyroid hormone, which
increases insulin resistance, downregulation proinflammatory cytokines and metalloproteinases,
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upregulation of anti-inflammatory cytokines, and inhibitors of metalloproteinases [41,42]. The opposite
association of vitamin D levels and plasma TMAO concentrations across BMI classes and the presence
of FLI-NAFLD allowed us to speculate that the increased plasma TMAO concentrations could be a
further mechanism through which vitamin D deficiency could contribute to worsening cardiovascular
risk in subjects with obesity.
Plasma TMAO concentrations increase after the gut microbial metabolism of high-fat food found
in the Western Diet, including red meat, eggs, and dairy products, which are rich in L-carnitine and
choline. The metabolic pathway of TMAO includes the digestion of these amines from gut microbiota
with the production of trimethylamine, which is then converted to TMAO via FMO3 in the liver [43,44].
Randrianarisoa et al. [9] reported that TMAO correlated positively with BMI, insulin resistance, visceral
fat mass, and liver fat content [9]. Very recently, we reported a novel association between circulating
levels of TMAO and the Mediterranean diet in healthy normal-weight adults, with a clear gender
difference in this association [31], and FLI [10].
A large body of evidence supports the association of TMAO with increased cardiovascular risk.
A recent meta-analysis of 11 prospective cohort studies indicated that plasma TMAO correlated with a
23% increase in risk for cardiovascular events ((hazard ratio) HR 1.23, 95% CI 1.07 to 1.42) and a 55%
increase in all-cause mortality [45]. Given the association between TMAO and cardiovascular risk and
the tight link between gut microbiota and obesity/obesity-related diseases, it has been hypothesized
that the TMAO pathway may also be mechanistically linked to the pathogenesis of obesity [46].
Obeid R et al. reported that a 12-month supplementation of vitamin D was effective in lowering
plasma fasting TMAO and increasing plasma choline, a TMAO precursor and basic component for the
synthesis of phosphatidylcholine, which in turn is necessary for promoting lipid exportation from
the liver [8]. The authors suggested that their findings were the result of the vitamin D effect on the
metabolism of choline, a dietary nutrient whose deficiency is linked to the accumulation of hepatic
lipid [47]. As a further linking mechanism, obesity-related vitamin D deficiency could blunt gut
homeostasis, i.e., the regulation of the integrity of the intestinal epithelium and the mucosal immune
system along with the microbial communities, thus altering TMAO pathway [48,49].
On the other hand, TMAO and TMAO-producing enzyme FMO3 in the liver affect the metabolism
of cholesterol by altering the enterohepatic cholesterol and bile acid metabolism [5]. Thus, it is
conceivable that TMAO could also affect the metabolism of 7-dehydrocholesterol, the skin precursor
of vitamin D, lending support to the hypothesis that the interactions between vitamin D and TMAO
could be bidirectional.
The results of this study confirmed, however, that the presence of FLI-NAFLD was significantly
and positively associated with plasma TMAO concentrations, while also highlighting that the inverse
association between vitamin D levels and plasma TMAO concentrations was no longer significant
after adjusting for FLI-NAFLD presence. The liver has an important role in the metabolism of
both vitamin D and TMAO through 25-hydroxyvitamin D-hydroxylase and the TMAO-producing
enzyme FMO3, respectively. On the other hand, vitamin D deficiency is involved in an increased
hepatic lipogenesis and a reduced beta-oxidation, which leads to the accumulation of fat in the liver,
accompanied by insulin resistance [50]; however, no direct associations between vitamin D deficiency
and severity of liver steatosis has been reported in humans [51]. In addition, very recently, it was
demonstrated that, in animal models, TMAO impaired liver function and increased hepatic triglyceride
accumulation and lipogenesis, while in humans, TMAO worsened liver steatosis by modulating bile
acid metabolism, by shifting their hepatic composition toward a farnesoid X receptor-antagonistic
activity [52]. Thus, a bidirectional relationship could operate also between TMAO and NAFLD. FLI is a
surrogate marker of a fatty liver widely used as a screening tool to identify NAFLD in epidemiological
studies [14–16]. Of interest, Miao et al. [10,53] found that an animal model characterized by a selective
hepatic insulin resistance has increased circulating TMAO levels associated with the up-regulation of
the TMAO-producing enzyme FMO3 in the liver. In this context, hepatic FMO3 is a target of insulin
action [53] and its activity is boosted in the condition of insulin resistance [54]. Therefore, the link
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between TMAO and cardiovascular diseases might represent the epiphenomenon of hepatic insulin
resistance. However, it has been proposed that TMAO alone could affect hepatic triglycerides levels
and alter the synthesis and transport of bile acids [12], while the addition of 0.2% TMAO for four
weeks in mice on a high-fat diet impaired glucose tolerance, blocked the hepatic insulin signaling
pathway, and caused adipose tissue inflammation [55], thus paving the way to the development of
NAFLD, the metabolic disease of the liver associated with insulin resistance. Accordingly, studies in
humans have confirmed the positive association of circulating TMAO levels with the presence and
severity of NAFLD, both by ultrasonographic NAFLD evaluation [12] and FLI, and also independently
of common confounding variables, including BMI [10].
The cross-sectional design is the main limitation of this study, as it does not allow the identification
of any causal association between low vitamin D status and increased plasma TMAO concentrations.
In addition, we did not include an analysis of gut microbiota, nutritional assessment, or evaluation
of metabolic precursor of TMAO, such as choline, betaine, or carnitine. However, the study of gut
microbiota is burdened by a high intra-individual variability that might affect the interpretation of the
results [56–59]. In addition, the influence of diet on fasting TMAO concentrations, albeit statistically
significant, could be considered rather moderate [31,60]. Moreover, although the liver biopsy is the
gold-standard technique for identifying NAFLD, we used a surrogate marker of NAFLD which is FLI
that has been demonstrated to be tightly correlated to the assessment of NAFLD by an ultrasound.
Moreover, a liver biopsy is an invasive procedure burdened with rare but potentially life-threatening
complications, whereas FLI has proved to represent an easy screening tool to identify NAFLD in
patients with cardio-metabolic risk factors [13,61,62]. Due to the lack of a liver biopsy, the association
between vitamin D and TMAO in the setting of NAFLD should be investigated in a future study.
Finally, our study was based on a single clinical center, with a possibility of selection bias in the results.
Nonetheless, the single-center study allowed us to increase the homogeneity of the sample as we
included participants living in the same geographical area, with the same effect of latitude on vitamin
D levels and, likely, with a similar nutrient availability and food consumption pattern. Nevertheless,
a major strength of this study is the stratification of our sample population across BMI classes, and the
inverse association between vitamin D status and plasma TMAO levels in each group was compared
and evaluated with that of the other groups. In addition, we carefully excluded from the enrollment
those participants who had any of the main known factors that can affect TMAO metabolism, such as
impaired renal or liver function, T2DM, and alcohol abuse.
In conclusion, our study further extends the knowledge on the adverse link between vitamin D
and TMAO as a possible adjunctive factor involved in cardiovascular risk in obesity. The results of our
study allowed us to speculate that the role of TMAO as a marker of cardiovascular risk could also be
mediated through its association with a low vitamin D status or the presence of NAFLD in subjects
with obesity. However, the potential translational application of the results of this study into clinical
practice requires large-scale data to confirm the inverse association between vitamin D and plasma
TMAO concentrations in obesity and obesity-related diseases and to clarify the causality, if any.
Author Contributions: Conceptualization, L.B. and S.S.; Data curation, G.M.; Formal analysis, L.B., G.M., and S.S.;
Funding acquisition, L.B. and G.C.T.; Investigation, L.B., G.A., D.L., and S.S.; Methodology, L.B. and G.d.A.; Project
administration, L.B. and G.M.; Resources, L.B.; Software, L.B.; Supervision, L.B.; Validation, L.B.; Visualization,
L.B.; Writing—original draft, L.B. and S.S.; Writing—review & editing, L.B., G.M., A.C., and S.S.
Acknowledgments: The assistance of the staff is gratefully appreciated.
Conflicts of Interest: The authors declare no conflict of interest.
Abbreviations
TMAO; Trimethylamine-N-oxide; NAFLD, Non-alcoholic Fatty Liver Disease; BMI, body mass index; FLI, Fatty
Liver Index; FMO3, Flavin-monooxygenase-3; WC, Waist Circumference; T2DM, Type 2 Diabetes Mellitus;
ALT, Alanine Transaminase; AST, Aspartate Aminotransferase; γGT, γ-Glutamyltransferase; LDL, Low-Density
Lipoprotein; HDL, High-density Lipoprotein; SD, Standard Deviation; OR, Odds Ratio; IC, Interval Confidence;
ROC, Receiver Operator Characteristic; AUC, Area Under Curve.
Nutrients 2019, 11, 1310 12 of 15
References
1. Bassatne, A.; Chakhtoura, M.; Saad, R.; Fuleihan, G.E. Vitamin D supplementation in obesity and during
weight loss: A review of randomized controlled trials. Metabolism 2019, 92, 193–205. [CrossRef] [PubMed]
2. Pramono, A.; Jocken, J.W.E.; Blaak, E.E. Vitamin D deficiency in the aetiology of obesity-related insulin
resistance. Diabetes Metab. Res. Rev. 2019, e3146. [CrossRef] [PubMed]
3. Savastano, S.; Barrea, L.; Savanelli, M.C.; Nappi, F.; Di Somma, C.; Orio, F.; Colao, A. Low vitamin D status
and obesity: Role of nutritionist. Rev. Endocr. Metab. Disord. 2017, 18, 215–225. [CrossRef] [PubMed]
4. Bakke, D.; Chatterjee, I.; Agrawal, A.; Dai, Y.; Sun, J. Regulation of Microbiota by Vitamin D Receptor:
A Nuclear Weapon in Metabolic Diseases. Nucl. Recept. Res. 2018, 5. [CrossRef] [PubMed]
5. Canyelles, M.; Tondo, M.; Cedó, L.; Farràs, M.; Escolà-Gil, J.C.; Blanco-Vaca, F. Trimethylamine N-Oxide:
A Link among Diet, Gut Microbiota, Gene Regulation of Liver and Intestine Cholesterol Homeostasis and
HDL Function. Int. J. Mol. Sci. 2018, 19. [CrossRef] [PubMed]
6. Kanitsoraphan, C.; Rattanawong, P.; Charoensri, S.; Senthong, V. Trimethylamine N-Oxide and Risk of
Cardiovascular Disease and Mortality. Curr. Nutr. Rep. 2018, 7, 207–213. [CrossRef] [PubMed]
7. Janeiro, M.H.; Ramírez, M.J.; Milagro, F.I.; Martínez, J.A.; Solas, M. Implication of Trimethylamine N-Oxide
(TMAO) in Disease: Potential Biomarker or New Therapeutic Target. Nutrients 2018, 10, 1398. [CrossRef]
[PubMed]
8. Obeid, R.; Awwad, H.M.; Kirsch, S.H.; Waldura, C.; Herrmann, W.; Graeber, S.; Geisel, J. Plasma
trimethylamine-N-oxide following supplementation with vitamin D or D plus B vitamins. Mol. Nutr.
Food Res. 2017, 61. [CrossRef]
9. Randrianarisoa, E.; Lehn-Stefan, A.; Wang, X.; Hoene, M.; Peter, A.; Heinzmann, S.S.; Zhao, X.; Königsrainer, I.;
Königsrainer, A.; Balletshofer, B.; et al. Relationship of Serum Trimethylamine N-Oxide (TMAO) Levels with
early Atherosclerosis in Humans. Sci. Rep. 2016, 6, 26745. [CrossRef]
10. Barrea, L.; Annunziata, G.; Muscogiuri, G.; Di Somma, C.; Laudisio, D.; Maisto, M.; de Alteriis, G.; Tenore, G.C.;
Colao, A.; Savastano, S. Trimethylamine-N-oxide (TMAO) as Novel Potential Biomarker of Early Predictors
of Metabolic Syndrome. Nutrients 2018, 10, 1971. [CrossRef]
11. Ma, J.; Zhou, Q.; Li, H. Gut Microbiota and Nonalcoholic Fatty Liver Disease: Insights on Mechanisms and
Therapy. Nutrients 2017, 9, 1124. [CrossRef] [PubMed]
12. Chen, Y.M.; Liu, Y.; Zhou, R.F.; Chen, X.L.; Wang, C.; Tan, X.Y.; Wang, L.J.; Zheng, R.D.; Zhang, H.W.;
Ling, W.H.; et al. Associations of gut-flora-dependent metabolite trimethylamine-N-oxide, betaine and
choline with non-alcoholic fatty liver disease in adults. Sci. Rep. 2016, 6, 19076. [CrossRef] [PubMed]
13. Bedogni, G.; Bellentani, S.; Miglioli, L.; Masutti, F.; Passalacqua, M.; Castiglione, A.; Tiribelli, C. The Fatty
Liver Index: A simple and accurate predictor of hepatic steatosis in the general population. BMCGastroenterol.
2006, 6, 33. [CrossRef] [PubMed]
14. Yang, K.C.; Hung, H.F.; Lu, C.W.; Chang, H.H.; Lee, L.T.; Huang, K.C. Association of Non-alcoholic Fatty
Liver Disease with Metabolic Syndrome Independently of Central Obesity and Insulin Resistance. Sci. Rep.
2016, 6, 27034. [CrossRef] [PubMed]
15. Forlani, G.; Giorda, C.; Manti, R.; Mazzella, N.; De Cosmo, S.; Rossi, M.C.; Nicolucci, A.; Di Bartolo, P.;
Ceriello, A.; Guida, P.; AMD-Annals Study Group. The Burden of NAFLD and Its Characteristics in a
Nationwide Population with Type 2 Diabetes. J. Diabetes Res. 2016, 2016, 2931985. [CrossRef] [PubMed]
16. Hsu, C.L.; Wu, F.Z.; Lin, K.H.; Chen, Y.H.; Wu, P.C.; Chen, Y.H.; Chen, C.S.; Wang, W.H.; Mar, G.Y.; Yu, H.C.
Role of Fatty Liver Index and Metabolic Factors in the Prediction of Nonalcoholic Fatty Liver Disease in a
Lean Population Receiving Health Checkup. Clin. Transl. Gastroenterol. 2019, 10, 1–8. [CrossRef]
17. American Diabetes Association. Standards of Medical Care in Diabetes-2017: Summary of Revisions. Diabetes
Care 2017, 40, S4–S5. [CrossRef]
18. World Health Organization (WHO). Waist Circumference and Waist-Hip Ratio. Report of WHO Expert
Consultation, Geneva, 8–11 December 2008. 2011. Available online: http://apps.who.int/iris/bitstream/10665/
44583/1/9789241501491_eng.pdf (accessed on 21 May 2019).
19. National Center for Health Statistics. Anthropometry Procedures Manual—National Health and Nutrition
Examination Survey (NHANES). 2013. Available online: http://www.cdc.gov/nchs/data/nhanes/nhanes_11_
12/Anthropometry_Procedures_Manual.pdf (accessed on 21 May 2019).
Nutrients 2019, 11, 1310 13 of 15
20. Savanelli, M.C.; Barrea, L.; Macchia, P.E.; Savastano, S.; Falco, A.; Renzullo, A.; Scarano, E.; Nettore, I.C.;
Colao, A.; Di Somma, C. Preliminary results demonstrating the impact of Mediterranean diet on bone health.
J. Transl. Med. 2017, 15, 81. [CrossRef]
21. Barrea, L.; Macchia, P.E.; Di Somma, C.; Napolitano, M.; Balato, A.; Falco, A.; Savanelli, M.C.; Balato, N.;
Colao, A.; Savastano, S. Bioelectrical phase angle and psoriasis: A novel association with psoriasis severity,
quality of life and metabolic syndrome. J. Transl. Med. 2016, 14, 130. [CrossRef]
22. Barrea, L.; Muscogiuri, G.; Macchia, P.E.; Di Somma, C.; Falco, A.; Savanelli, M.C.; Colao, A.; Savastano, S.
Mediterranean Diet and Phase Angle in a Sample of Adult Population: Results of a Pilot Study. Nutrients
2017, 9, 151. [CrossRef]
23. Barrea, L.; Tarantino, G.; Somma, C.D.; Muscogiuri, G.; Macchia, P.E.; Falco, A.; Colao, A.; Savastano, S.
Adherence to the Mediterranean Diet and Circulating Levels of Sirtuin 4 in Obese Patients: A Novel
Association. Oxid. Med. Cell Longev. 2017, 2017, 6101254. [CrossRef] [PubMed]
24. Savastano, S.; Barbato, A.; Di Somma, C.; Guida, B.; Pizza, G.; Barrea, L.; Avallone, S.; Schiano di Cola, M.;
Strazzullo, P.; Colao, A. Beyond waist circumference in an adult male population of Southern Italy: Is there
any role for subscapular skinfold thickness in the relationship between insulin-like growth factor-I system
and metabolic parameters? J. Endocrinol. Investig. 2012, 35, 925–929. [CrossRef]
25. Savastano, S.; Di Somma, C.; Colao, A.; Barrea, L.; Orio, F.; Finelli, C.; Pasanisi, F.; Contaldo, F.; Tarantino, G.
Preliminary data on the relationship between circulating levels of Sirtuin 4, anthropometric and metabolic
parameters in obese subjects according to growth hormone/insulin-like growth factor-1 status. Growth Horm.
IGF Res. 2015, 25, 28–33. [CrossRef] [PubMed]
26. Savanelli, M.C.; Scarano, E.; Muscogiuri, G.; Barrea, L.; Vuolo, L.; Rubino, M.; Savastano, S.; Colao, A.; Di
Somma, C. Cardiovascular risk in adult hypopituitaric patients with growth hormone deficiency: Is there a
role for vitamin D? Endocrine 2016, 52, 111–119. [CrossRef] [PubMed]
27. Tarantino, G.; Barrea, L.; Capone, D.; Citro, V.; Mosca, T.; Savastano, S. Hematocrit Values Predict Carotid
Intimal-Media Thickness in Obese Patients with Non-Alcoholic Fatty Liver Disease: A Cross-Sectional Study.
Front. Endocrinol. (Lausanne) 2018, 9, 203. [CrossRef] [PubMed]
28. Holick, M.F.; Binkley, N.C.; Bischoff-Ferrari, H.A.; Gordon, C.M.; Hanley, D.A.; Heaney, R.P.; Murad, M.H.;
Weaver, C.M.; Endocrine Society. Evaluation, treatment, and prevention of vitamin D deficiency: An
Endocrine Society clinical practice guideline. J. Clin. Endocrinol. Metab. 2011, 96, 1911–1930. [CrossRef]
[PubMed]
29. Wang, Z.; Levison, B.S.; Hazen, J.E.; Donahue, L.; Li, X.M.; Hazen, S.L. Measurement of
trimethylamine-N-oxide by stable isotope dilution liquid chromatography tandem mass spectrometry.
Anal. Biochem. 2014, 455, 35–40. [CrossRef] [PubMed]
30. Beale, R.; Airs, R. Quantification of glycine betaine, choline and trimethylamine N-oxide in seawater
particulates: Minimisation of seawater associated ion suppression. Anal. Chim. Acta 2016, 938, 114–122.
[CrossRef]
31. Barrea, L.; Annunziata, G.; Muscogiuri, G.; Laudisio, D.; Di Somma, C.; Maisto, M.; Tenore, G.C.; Colao, A.;
Savastano, S. Trimethylamine N-oxide, Mediterranean diet, and nutrition in healthy, normal-weight adults:
Also a matter of sex? Nutrition 2019, 62, 7–17. [CrossRef]
32. Yu, W.; Xu, C.; Li, G.; Hong, W.; Zhou, Z.; Xiao, C.; Zhao, Y.; Cai, Y.; Huang, M.; Jin, J. Simultaneous
determination of trimethylamine N-oxide, choline, betaine by UPLC-MS/MS in human plasma: An application
in acute stroke patients. J. Pharm. Biomed. Anal. 2018, 152, 179–187. [CrossRef]
33. Lee, J.H.; O’Keefe, J.H.; Bell, D.; Hensrud, D.D.; Holick, M.F. Vitamin D deficiency an important, common,
and easily treatable cardiovascular risk factor? J. Am. Coll. Cardiol. 2008, 52, 1949–1956. [CrossRef] [PubMed]
34. Wang, Z.; Tang, W.H.; Buffa, J.A.; Fu, X.; Britt, E.B.; Koeth, R.A.; Levison, B.S.; Fan, Y.; Wu, Y.;
Hazen, S.L. Prognostic value of choline and betaine depends on intestinal microbiota-generated metabolite
trimethylamine-N-oxide. Eur. Heart J. 2014, 35, 904–910. [CrossRef] [PubMed]
35. Zittermann, A. The Biphasic Effect of Vitamin D on the Musculoskeletal and Cardiovascular System. Int. J.
Endocrinol. 2017, 2017, 3206240. [CrossRef] [PubMed]
36. Park, J.E.; Pichiah, P.B.T.; Cha, Y.S. Vitamin D and Metabolic Diseases: Growing Roles of Vitamin D. J. Obes.
Metab. Syndr. 2018, 27, 223–232. [CrossRef] [PubMed]
Nutrients 2019, 11, 1310 14 of 15
37. Mirhosseini, N.; Rainsbury, J.; Kimball, S.M. Vitamin D Supplementation, Serum 25(OH)D Concentrations
and Cardiovascular Disease Risk Factors: A Systematic Review and Meta-Analysis. Front. Cardiovasc. Med.
2018, 5, 87. [CrossRef] [PubMed]
38. Hiemstra, T.; Lim, K.; Thadhani, R.; Manson, J.E. Vitamin D and Atherosclerotic Cardiovascular Disease.
J. Clin. Endocrinol. Metab. 2019. [CrossRef]
39. Earthman, C.P.; Beckman, L.M.; Masodkar, K.; Sibley, S.D. The link between obesity and low circulating
25-hydroxyvitamin D concentrations: Considerations and implications. Int. J. Obes. (Lond.) 2012, 36, 387–396.
[CrossRef]
40. Muscogiuri, G.; Barrea, L.; Altieri, B.; Di Somma, C.; Bhattoa, H.; Laudisio, D.; Duval, G.T.; Pugliese, G.;
Annweiler, C.; Orio, F.; et al. Calcium and vitamin D supplementation. Myths and realities with regard to
cardiovascular risk. Curr. Vasc. Pharmacol. 2019. [CrossRef]
41. Zittermann, A.; Schleithoff, S.S.; Koerfer, R. Vitamin D and vascular calcification. Curr. Opin. Lipidol. 2007,
18, 41–46. [CrossRef]
42. Zittermann, A.; Gummert, J.F. Sun, vitamin D, and cardiovascular disease. J. Photochem. Photobiol. B 2010,
101, 124–129. [CrossRef]
43. Zeisel, S.H.; Wishnok, J.S.; Blusztajn, J.K. Formation of methylamines from ingested choline and lecithin.
J. Pharmacol. Exp. Ther. 1983, 225, 320–324. [PubMed]
44. Koeth, R.A.; Wang, Z.; Levison, B.S.; Buffa, J.A.; Org, E.; Sheehy, B.T.; Britt, E.B.; Fu, X.; Wu, Y.; Li, L.; et al.
Intestinal microbiota metabolism of L-carnitine, a nutrient in red meat, promotes atherosclerosis. Nat. Med.
2013, 19, 576–585. [CrossRef] [PubMed]
45. Qi, J.; You, T.; Li, J.; Pan, T.; Xiang, L.; Han, Y.; Zhu, L. Circulating trimethylamine N-oxide and the risk of
cardiovascular diseases: A systematic review and meta-analysis of 11 prospective cohort studies. J. Cell
Mol. Med. 2018, 22, 185–194. [CrossRef] [PubMed]
46. Schugar, R.C.; Shih, D.M.; Warrier, M.; Helsley, R.N.; Burrows, A.; Ferguson, D.; Brown, A.L.; et al. The
TMAO-Producing Enzyme Flavin-Containing Monooxygenase 3 Regulates Obesity and the Beiging of White
Adipose Tissue. Cell Rep. 2017, 19, 2451–2461. [CrossRef] [PubMed]
47. Sherriff, J.L.; O’Sullivan, T.A.; Properzi, C.; Oddo, J.L.; Adams, L.A. Choline, Its Potential Role in Nonalcoholic
Fatty Liver Disease, and the Case for Human and Bacterial Genes. Adv. Nutr. 2016, 7, 5–13. [CrossRef]
[PubMed]
48. Cantorna, M.T.; Snyder, L.; Arora, J. Vitamin A and vitamin D regulate the microbial complexity, barrier
function, and the mucosal immune responses to ensure intestinal homeostasis. Crit. Rev. Biochem. Mol. Biol.
2019, 1–9. [CrossRef]
49. Kong, J.; Zhang, Z.; Musch, M.W.; Ning, G.; Sun, J.; Hart, J.; Bissonnette, M.; Li, Y.C. Novel role of the vitamin
D receptor in maintaining the integrity of the intestinal mucosal barrier. Am. J. Physiol. Gastrointest. Liver
Physiol. 2008, 294, G208–G216. [CrossRef]
50. Borges, C.C.; Salles, A.F.; Bringhenti, I.; Mandarim-DE-Lacerda, C.A.; Aguila, M.B. Vitamin D Deficiency
Increases Lipogenesis and Reduces Beta-Oxidation in the Liver of Diet-Induced Obese Mice. J. Nutr. Sci.
Vitaminol. (Tokyo) 2018, 64, 106–115. [CrossRef]
51. Patel, Y.A.; Henao, R.; Moylan, C.A.; Guy, C.D.; Piercy, D.L.; Diehl, A.M.; Abdelmalek, M.F. Vitamin D is
Not Associated with Severity in NAFLD: Results of a Paired Clinical and Gene Expression Profile Analysis.
Am. J. Gastroenterol. 2016, 111, 1591–1598. [CrossRef]
52. Tan, X.; Liu, Y.; Long, J.; Chen, S.; Liao, G.; Wu, S.; Li, C.; Wang, L.; Ling, W.; Zhu, H. Trimethylamine N-Oxide
Aggravates Liver Steatosis Through Modulation of Bile Acid Metabolism and Inhibition of Farnesoid X
Receptor Signaling in Nonalcoholic Fatty Liver Disease. Mol. Nutr. Food Res. 2019, e1900257. [CrossRef]
53. Miao, J.; Ling, A.V.; Manthena, P.V.; Gearing, M.E.; Graham, M.J.; Crooke, R.M.; Croce, K.J.; Esquejo, R.M.;
Clish, C.B.; Morbid Obesity Study Group; et al. Flavin-containing monooxygenase 3 as a potential player in
diabetes-associated atherosclerosis. Nat. Commun. 2015, 6, 6498. [CrossRef] [PubMed]
54. DiNicolantonio, J.J.; McCarty, M.; OKeefe, J. Association of moderately elevated trimethylamine N-oxide
with cardiovascular risk: Is TMAO serving as a marker for hepatic insulin resistance. Open Heart 2019, 6,
e000890. [CrossRef] [PubMed]
55. Gao, X.; Liu, X.; Xu, J.; Xue, C.; Xue, Y.; Wang, Y. Dietary trimethylamine N-oxide exacerbates impaired
glucose tolerance in mice fed a high fat diet. J. Biosci. Bioeng. 2014, 118, 476–481. [CrossRef] [PubMed]
Nutrients 2019, 11, 1310 15 of 15
56. Kühn, T.; Rohrmann, S.; Sookthai, D.; Johnson, T.; Katzke, V.; Kaaks, R.; von Eckardstein, A.; Müller, D.
Intra-individual variation of plasma trimethylamine-N-oxide (TMAO), betaine and choline over 1 year.
Clin. Chem. Lab. Med. 2017, 55, 261–268. [CrossRef] [PubMed]
57. Rohrmann, S.; Linseisen, J.; Allenspach, M.; von Eckardstein, A.; Müller, D. Plasma Concentrations
of Trimethylamine-N-oxide Are Directly Associated with Dairy Food Consumption and Low-Grade
Inflammation in a German Adult Population. J. Nutr. 2016, 146, 283–289. [CrossRef] [PubMed]
58. Zhernakova, A.; Kurilshikov, A.; Bonder, M.J.; Tigchelaar, E.F.; Schirmer, M.; Vatanen, T.; Mujagic, Z.;
Vila, A.V.; Falony, G.; Vieira-Silva, S.; et al. Population-based metagenomics analysis reveals markers for gut
microbiome composition and diversity. Science 2016, 352, 565–569. [CrossRef]
59. Cho, C.E.; Caudill, M.A. Trimethylamine-N-Oxide: Friend, Foe, or Simply Caught in the Cross-Fire? Trends
Endocrinol. Metab. 2017, 28, 121–130. [CrossRef]
60. Krüger, R.; Merz, B.; Rist, M.J.; Ferrario, P.G.; Bub, A.; Kulling, S.E.; Watzl, B. Associations of current diet
with plasma and urine TMAO in the KarMeN study: Direct and indirect contributions. Mol. Nutr. Food Res.
2017, 61. [CrossRef]
61. Silaghi, C.A.; Silaghi, H.; Colosi, H.A.; Craciun, A.E.; Farcas, A.; Cosma, D.T.; Hancu, N.; Pais, R.;
Georgescu, C.E. Prevalence and predictors of non-alcoholic fatty liver disease as defined by the fatty liver
index in a type 2 diabetes population. Clujul Med. 2016, 89, 82–88. [CrossRef]
62. Fedchuk, L.; Nascimbeni, F.; Pais, R.; Charlotte, F.; Housset, C.; Ratziu, V.; LIDO Study Group.
Performance and limitations of steatosis biomarkers in patients with nonalcoholic fatty liver disease.
Aliment. Pharmacol. Ther. 2014, 40, 1209–1222. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
